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Introduction
============

Advances in the fields of molecular biology have improved our knowledge of the cellular mechanisms controlling contractility of smooth muscle cells in the myometrium. The processes involved in the increase of intracellular calcium and the subsequent activation of the contractile apparatus of the cell are understood in great detail. Unfortunately, this increased understanding has not translated into similar advances in clinical treatments. The ability of clinicians to manipulate uterine contractions, particularly in cases of premature birth, remains limited. As an alternative to inhibiting the *cellular* processes responsible for generating the contractile forces, it may be possible to prevent contractility at the *tissue* level by manipulating the signals that generate the contractions in the first place and coordinate them throughout the myometrium. Regrettably, our understanding of these signalling mechanisms is very limited.

The muscular wall of the uterus, the myometrium, is an example of smooth muscle. Other examples of smooth muscles are found in the gastrointestinal tract, urological tract and in blood vessels and all of them have in common the ability to generate contractions autonomously. In these tissues, cells called interstitial cells (ICs) are found consistently. In the gastrointestinal tract, experimental evidence has revealed that these ICs, termed interstitial cells of Cajal (ICC), are crucial in the generation and coordination of the muscular activity that results in peristalsis (the wave-like contractions that propel the luminal contents). Similar evidence regarding ICs in the myometrium has until recently been lacking. It is quite evident that 'Cajal-like' ICs, if they were found to be present in the myometrium, would have the potential to fulfil a role similar to those cells found in the gastrointestinal tract for signal generation and coordination. If this were to be the case, exploration of their function may be key to furthering our understanding of tissue-level signalling in the myometrium. This review aims to summarize the published evidence to date and tries to incorporate this evidence as a new model for the development of myometrial contractions.

Nomenclature
============

It is important to consider at the outset the nomenclature of 'interstitial' cells so as to avoid potential confusion. The classification of ICs remains a matter of debate with no general agreement on terminology both in the gut and in the bladder. This could reflect the possibility that 'ICs' are a heterogenous population of cells that may have a variety of functions. For example, in the pelvi--calyceal junction of the urinary tract, 'atypical smooth muscle cells,' so called because of morphological similarities to smooth muscle cells, show spontaneous electrical activity \[[@b1]\]. Cells located in the renal pelvis also show spontaneous electrical activity, but possess a morphology more typical of ICs. In the urinary bladder, ICs are located in the suburothelial region, on the surface of smooth muscle bundles and in the fibromuscular septum. It is believed that these locations could be associated with different roles for ICs such as sensation and motor coordination. In addition, the expression of c-kit differs between these regions with c-kit positive ICs located in the detrusor and c-kit negative ICs in the suburothelial region \[[@b2]\].

One consistent area of confusion is the designation of these cells either as fibroblasts, myofibroblasts or fibroblastic-type cells. This is particularly the case in the bladder \[[@b3]\]. Fibroblasts are cells of similar morphology to ICs and their function is to generate connective tissue matrix, specifically collagen. In order to synthesize collagen, they must possess an enzyme called prolyl 4-hydroxylase. Immunohistochemical labels are available for the identification of this enzyme, and when used on myometrium, they identify cells dispersed evenly throughout the tissue that are separate from myometrial ICs \[[@b4]\]. A similar pattern of c-kit positive ICs and c-kit negative prolyl 4-hydroxylase positive fibroblasts has been observed in the human gut \[[@b5]\]. Other criteria for the differentiation of fibroblasts from myometrial ICs will be presented later in this review (see section 'Are there ICC or ICLC in myometrium?') and are summarized in [Table 1](#tbl1){ref-type="table"}. The distinction between fibroblasts and myometrial ICs is important, as their functions are likely to be very different. If research into myometrial contractility is to advance, then non-smooth muscle cells that have the appearance of fibroblasts (*i.e.* myometrial ICs) should not be labelled as 'fibroblasts' and ignored, as they have been in the past \[[@b6], [@b7]\].

###### 

Morphological aspects, semi-quantitative data concerning the ultrastructural elements (transmission electron microscopy) and specific markers of m-ICLC in comparison with archetypal enteric interstitial cells of Cajal (ICC) and fibroblasts \[[@b65]--[@b71]\]

                                                 Interstitial cells of Cajal (ICC)   Myometrial interstitial Cajal-like cells                                      Fibroblasts
  ------------------------------ --------------- ----------------------------------- ----------------------------------------------------------------------------- ----------------------------------------------
  Cell shape                                     Oval or spindle-shaped cells        Spindle or stellate body                                                      Polymorphic body
  Nucleus                                        Oval, mostly euchromatic            Oval, heterochromatic under nuclear membrane                                  Oval, euchromatic with 1--2 visible nucleoli
  Cytoplasm                      Smooth ER       ++                                  \+                                                                            +−
  Rough ER                       \+              \+                                  +++                                                                           
  Golgi complex                  \+              \+                                  +++                                                                           
  Mitochondria                   +++             ++                                  \+                                                                            
  Intermediate filaments         ++              \+                                  \+                                                                            
  Microtubules                   \+              \+                                  \+                                                                            
  Thin filaments                 \+              \+                                  \+                                                                            
  Calcium releasing units        n.a.            present                             n.a.                                                                          
  Other structures               Caveolae        \+                                  \+                                                                            −
  Basal lamina                   0               +−                                  −                                                                             
  Immunohisto-chemical markers                   c-kit                               Co-localization of c-kit, CD34 and connexin 43, lack of prolyl 4-hydroxlase   Prolyl 4-hydroxylase
  Intercellular contacts         Nerve endings   ++                                  \+                                                                            −
  Blood vessels                  n.a.            \+                                  −                                                                             
  Immune cells                   n.a.            +++                                 −                                                                             
  Smooth muscle cells            \+              \+                                  −                                                                             
  Other interstitial cells       \+              \+                                  −                                                                             
  Gap junctions                  \+              \+                                  −                                                                             

It is likely that there will be a need for a strict classification for ICs in the myometrium as more is discovered about their morphology, antigen expression, and most importantly function. The term 'myometrial Cajal-like interstitial cells' (m-ICLC), that has been proposed previously \[[@b8]\], is reasonable given their ultrastructural similarities with ICCs. However, it should be noted that a pacemaking role for m-ICLC similar to that of ICCs in the gut has not yet been demonstrated and so the term m-ICLC should not be taken to mean that these cells have the same role.

Uterine contractions and the 'functional syncytium theory'
==========================================================

For parturition to occur, three processes take place: (*i*) The foetal membranes become weaker and eventually rupture, (*ii*) remodelling and ripening of the cervix takes place and (*iii*) regular and forceful uterine contractions become established \[[@b9]\]. These changes do not just occur at the time of parturition. During pregnancy the uterus evolves to prepare for the onset of labour, most notably in the case of the cervix that undergoes change throughout the pregnancy \[[@b10]\]. However, it is the development of forceful uterine contractions that is perhaps the most dramatic of these changes as it occurs over a relatively short span of time. This switch from uterine quiescence to an actively contracting uterus is thought to depend on the increased expression of a cassette of genes encoding a number of proteins known collectively as contraction associated proteins (CAP). These include the oxytocin receptor, prostaglandin receptors and the gap junction protein connexin 43 \[[@b11]--[@b15]\].

Research in the field of myometrial contractility has tended to focus on the cellular mechanisms involved in the coupling of membrane depolarization, *via* an action potential in the tissue, to the activation of the contractile apparatus within the smooth muscle cell. This excitation--contraction coupling is achieved by an elevation in intracellular calcium levels and is tightly controlled by a variety of factors \[[@b16]\]. These mechanisms are now understood in great detail but the process by which this cellular contractility is initiated in a coordinated fashion, so as to be able to generate contractions throughout the entire organ, is less understood. In fact, our knowledge of tissue-level signalling in the myometrium has not progressed significantly since the work of Robert Garfield, first published in 1977 \[[@b17]\]. He showed that connexin 43 gap junctions are seen in great numbers on the smooth myocyte membrane only at the time of parturition and this coincides with an increase in the electrical conductance of the tissue \[[@b18]\]. He also showed that the inhibition of connexin 43 pores by agents affecting the plasma membrane leads to an abolition of contractions. From these and other data, it was concluded that connexin 43 gap junctions expressed at the time of labour lead to the development of a 'functional syncytium' where all the smooth muscle cells become connected electrically \[[@b6]\]. This permits an action potential to pass throughout the tissue in all directions, so allowing coordinated contractions to take place. This concept was the focus of a great deal of research in the 1980s and 1990s and remains accepted by the majority of physiologists working in this field as the mechanism by which uterine contractions are coordinated.

However, the functional syncytium model has been challenged recently. In a comprehensive article, theoretical and experimental evidence was presented regarding tissue-level signalling in the myometrium \[[@b19]\]. This evidence argued that a functional syncytium is not consistent with the development of the classic 40- to 60-sec duration bell-shaped contraction profile of the myometrium. Instead it should produce a contraction of rapid onset lasting for approximately 20 sec. It also showed that an action potential is observed only at the beginning of each myometrial contraction with the remaining myocytes being recruited in a second phase of non-electrical signalling. Again, one would expect all myocytes to be recruited synchronously in a 'functional syncytium'. In order to resolve these issues, a 'biphasic' model was proposed in which a rapid signal is conducted through the myometrium followed by a slower phase of recruitment of the remaining majority of smooth muscle cells via a 'calcium wave'\[[@b20], [@b21]\]. Although this biphasic model appears to fit with the experimental findings, it does not as yet offer a complete explanation for the following reasons. First, the mechanism for the generation of the action potential has not been identified. Secondly, in this biphasic model, the action potential travels through the myometrium only stimulating a few cells in each bundle and leaving the remaining majority of these cells to be stimulated by intercellular calcium waves. The reason for this selective recruitment of smooth muscle cells, rather than the expected recruitment of all cells as predicted in the functional syncytium model, has not been addressed. Thirdly, and finally, the model does not address the presence of organized and co-ordinated contractions of similar profiles at times other than in labour, such as those contractions occurring throughout pregnancy (Braxton--Hicks contractions \[[@b22]\]) and contractions in the non-pregnant uterus \[[@b23], [@b24]\]. It is proposed later in this article that ICs may provide a mechanism that can explain these inconsistencies and support a biphasic model. However, before considering the case of the myometrium, it is pertinent to consider first the evidence regarding ICs in other contractile muscular organs.

Interstitial cells of Cajal in the gastrointestinal and urinary tracts
======================================================================

Experimental evidence using smooth muscle from the gut has strongly suggested that ICC act as both pacemakers and signal transducers for electrical activity \[[@b25], [@b26]\]. ICCs are characterized by the finding of c-kit, a membrane bound tyrosine kinase essential for normal functioning of the cell. ICCs also have specific ultrastructural morphological features evident on transmission electron microscopy (TEM) that together are considered the 'gold standard' for the identification of these cells \[[@b27]\]. These cells have an ovoid or spindle-shaped body, a clear nucleus, two or more processes, several mitochondria evenly dispersed, well developed smooth endoplasmic reticulum and many caveolae. Moreover, all of them are in close contact with smooth muscle cells, nerve endings and to each other. The cell-to-cell contacts with the smooth muscle cells and to each other are often gap junctions. As a result of all these characteristics, these cells fulfil the ideal conditions to play a role in eliciting and co-ordinating muscle activity. Functional evidence from studies of White-Spotting mice that do not have ICCs in the myenteric region of the small intestine \[[@b28]\], and from physiological studies using neutralizing antibodies directed against the c-kit receptor in gastrointestinal smooth muscle \[[@b29], [@b30]\], has shown that ICCs are essential for normal contractility of the muscle. Studies have also implicated abnormal function of ICCs in several diseases such as diabetic gastroparesis \[[@b31]\], post-operative ileus \[[@b32]\], Hirschsprungs disease \[[@b33]\] and gastrointestinal dysmotility following repair of gastroschisis in the neonate \[[@b34], [@b35]\].

The morphological and functional role of ICs in the urinary tract has also been the subject of interest recently \[[@b36], [@b37]\]. Anatomically, ICs are predominantly located on the boundary of smooth muscle bundles throughout the detrusor muscle \[[@b38]\]. NO-sensitive cGMP-producing ICs have been identified in the detrusor muscle of the mouse bladder. Activation of these cells was shown to alter the pattern of muscarinic-induced phasic activity implying a functional role for IC in the bladder \[[@b39]\]. Hashitani studied electrical signalling and calcium transients in guinea-pig detrusor and showed that action potentials preceded the rise in intracellular calcium. These rises in intracellular calcium were seen to spread as a calcium wave from the boundary of the smooth muscle bundle where ICs are located \[[@b40]\]. In a later study using microelectrodes, a direct role for signal initiation by IC was not confirmed and it was considered that IC might instead modulate signalling rather than generate the signals \[[@b41]\]. A recent study on rabbit bladder suggested that ICs could be an important source of PGs involved in the regulation of spontaneous rhythmic contraction of the bladder \[[@b42]\].

It can be seen that ICs appear essential for smooth muscle contractility in the gastrointestinal tract and probably in the genitourinary tract. ICs have also been identified in other smooth muscle organs such as in the wall of several blood vessels \[[@b43], [@b44]\], gall bladder \[[@b45], [@b46]\] and fallopian tube \[[@b47], [@b48]\]. ICs, recently called interstitial Cajal-like cells (ICLC), also exist in pancreas \[[@b49]\], prostate \[[@b50]--[@b52]\], penis \[[@b53]\], mammary gland \[[@b54]--[@b56]\] and myocardium \[[@b57]--[@b60]\].

Are there m-ICLC in myometrium?
===============================

The presence of non-smooth muscle cells (possibly m-ICLC) in the myometrium has been documented by a number of authors \[[@b7], [@b61]\], but the first article addressing myometrial ICs in detail was published in 2005 \[[@b62]\]. This study identified myometrial ICs using an antibody for the intermediate filament vimentin, a marker for cells of mesenchymal origin (this includes both m-ICLC and fibroblasts). These vimentin-positive cells were negative for c-kit using standard light microscopy immunohistochemistry. Ultrastructurally, myometrial ICs contained numerous mitochondria, caveolae and intermediate filaments, but did not contain myofilaments and were non-contractile. Whilst this paper remains the most important reference to date, a number of criticisms can be made of the methodology used. For example, the use of the vimentin antibody does not discriminate between m-ICLC and fibroblasts.

In the following year, another group published evidence regarding myometrial ICs which they termed m-ICLC, using a variety of immunohistochemical techniques, electron microscopy and electrophysiology \[[@b8]\]. First of all, they searched for m-ICLC in human myometrial tissue and cell cultures using classical staining methods used by Cajal himself when he described the cells bearing his name ([Figs. 1](#fig01){ref-type="fig"}--[3A](#fig03){ref-type="fig"}). *In vitro*, myometrial ICs possessed very long cytoplasmic processes which were found by staining with Janus green B to contain numerous mitochondria ([Figs 3B](#fig03){ref-type="fig"} and [4A](#fig04){ref-type="fig"}). These cells represented approximately 7% of the total cell number when counting these cells on semi-thin sections stained with toluidin blue, considered by the authors as relevant for preliminary identification of m-ICLC ([Fig. 4B](#fig04){ref-type="fig"}). This technique is easy to perform and permits the general characterization of myometrial ICs. Ultrastructurally, two to three characteristic processes were observed and these prolongations were very long and thin (60 and \<0.5 μm, respectively) ([Fig. 5](#fig05){ref-type="fig"}). The cells expressed c-kit when examined by immunofluorescence ([Fig. 6](#fig06){ref-type="fig"}) and they connected with each other and with smooth muscle cells by gap junctions. Based on ultrastructural features, a set of criteria was assembled that allowed the differentiation of m-ICLC from fibroblasts: close contact with target nerve bundles and smooth muscle cells,characteristic cytoplasmic processes,gap junctions with smooth muscle cells or with each other,basal lamina occasionally present,caveolae 2--4% of cytoplasmic volume; ∼0.5 caveolae/μm of cell membrane length,mitochondria 5--10% of cytoplasmic volume,endoplasmic reticulum about 1--2%, either smooth or rough,cytoskeleton consisting of *intermediate* and *thin filaments*, as well as *microtubules* andmyosin thick filaments undetectable.

![Human myometrium. (A) Methylene blue vital staining, before cryofixation (cryosectioning). Note the selective affinity of an m-ICLC for the blue dye. (B) Silver impregnation after fixation and paraffin embedding. A pyriform m-ICLC cell with a very long, moniliform process. Original magnification: 1000×. Reprinted from Ref. \[[@b78]\], with permission from Elsevier.](jcmm0013-4268-f1){#fig01}

![Photographic reconstruction of human m-ICLC in culture establishing contacts with smooth muscle cells. In compliance with our experience, silver impregnation is one of the choice methods for revealing the typical moniliform aspect of m-ICLC in culture. Inset displaying the same interlaced distribution of m-ICLC (\*) by methylene blue vital staining. Both methods reveal weaker stained myocytes. Scale bar = 10 μm. Reprinted from Ref. \[[@b63]\], with permission from FCMM.](jcmm0013-4268-f2){#fig02}

![Vital staining methods (efficient in pointing out the very long processes) performed on m-ICLC in culture. Primary confluent cultures (day 8) from pregnant human myometrium. (A) Representative m-ICLC with high affinity for methylene blue. (B) m-ICLC stained with Janus green B, a marker for mitochondria in living cells. Note the positive mitchondria in m-ICLC dilations (arrows) original magnification 40×. Modified from Ref. \[[@b8]\], with permission from FCMM.](jcmm0013-4268-f3){#fig03}

![(A) Human myometrium. Primary semi-confluent cell culture (day 4), phase contrast microscopy. Photographic reconstruction of an m-ICLC with a very long, moniliform cytoplasmic processes (arrows) emerging from cell body. Higher magnification (40×). (B) Human pregnant myometrium (39 weeks of gestation). Semi-thin sections (0.5- to --1-μm thick) of uterine muscular layer embedded in Epon resin and stained with toluidine blue. One may observe the very long process of m-ICLC squeezing between obliquely cut smooth muscle cells. Original magnification 100×.](jcmm0013-4268-f4){#fig04}

![Electron micrograph of human non-pregnant myometrium. Note the presence of an m-ICLC (blue) with a long thin cytoplasmic process that suddenly comes out from the cellular body and runs between smooth myocytes (brown). One may observe, on the length of the cellular process, the presence of cytoplasmic dilations housing mitochondria. Original magnification, ×9,100. TEM (photographic reconstruction) illustrating a thin (wontedly below 0.1-μm thick) cytoplasmic process of m-ICLC expanded from the cell body.](jcmm0013-4268-f5){#fig05}

![Human myometrium cells in culture (the second passage); immunofluorescence labelling for c-kit; FITC-conjugated secondary antibodies (green) were used to visualize the reaction (green), m-ICLC that display characteristic morphologic feature (long, moniliform processes), express c-kit and contact adjacent cells; Hoechst 33342 (blue) for nuclear counterstaining. Original magnification 60×. Reprinted from Ref. \[[@b8]\], with permission from FCMM.](jcmm0013-4268-f6){#fig06}

The possible spatial relationships between myometrial ICs and other cells in the myometrium are represented in [Fig. 7](#fig07){ref-type="fig"}.

![Artistic view of possible interconnectivity of m-ICLC in the uterine wall. (A) Myometrial background with smooth muscle cells, nerve fibers and some connective tissue cells. (B) Close proximity of m-ICLC processes with smooth muscle cells, unmyelinated nerves, capillaries, collagen fibres and immunoreactive cells. Scale bar -- approximately 7 μm (erytrocyte's diameter).](jcmm0013-4268-f7){#fig07}

More recently, the same group showed evidence that oestrogen and progesterone receptors are located in the nuclei of m-ICLC \[[@b63]\] ([Fig. 8](#fig08){ref-type="fig"}). The authors concluded by hypothesising that myometrial ICs could act as 'hormonal "sensors", possibly participating in the regulation of human myometrial contractions (via gap junctions and/or by paracrine signalling)'.

![Human myometrial cell culture, fourth passage. Immunocytochemical staining for the estrogen and progesterone receptors. (A) Immunocytochemical detection of estrogen receptor -- dark stained nuclei (\*), counterstaining with methyl green for negative nuclei. (B) ICLC stained positive for progesterone receptor. (C) Double staining (\*) for CD117/c-kit (red) and estrogen receptor (black). (D) Double staining for CD117/c-kit (red) and progesterone receptor (black). Scale bar = 10 μm.](jcmm0013-4268-f8){#fig08}

A further publication has supported the observation that m-ICLC are c-kit positive \[[@b64]\]. m-ICLC were again seen to be located mainly on the boundaries of smooth muscle bundles throughout the myometrium and are present in myometrial biopsies taken throughout reproductive life. Also, it was observed that m-ICLC possess connexin 43 in its unphosphorylated form distributed evenly throughout the cell membrane. The strong and specific expression of this form of connexin 43 may be useful in future experiments for the isolation and identification of m-ICLC and the authors postulated that the pattern of staining could represent the presence of connexin 43 hemichannels (see the section 'Emerging concepts').

All these data are summarized in [Table 1](#tbl1){ref-type="table"}.

The effect of c-kit inhibition on myometrial contractility
==========================================================

c-kit is a transmembrane receptor that has been shown to be essential for the development and the maintenance of the IC phenotype in smooth muscle from the gastrointestinal tract \[[@b72], [@b73]\]. As m-ICLC express c-kit, the next logical step for a number of investigators was to explore the effect of c-kit receptor inhibition on myometrial contractility.

A c-kit receptor antagonist called imatinib mesylate (Glivec) \[[@b74]\] has been used to study the effects of c-kit inhibition on the *in vitro* contractility of myometrium from term pregnant rabbits. Only amplitude and not frequency was affected following the addition of imatinib and this occurred only at the highest dose studied (100 μM), whereas a dose of 10 μM had no effect \[[@b75]\]. This study was repeated with human myometrium obtained from term elective caesarean sections and again only the amplitude and not the frequency was affected (unpublished observation -- Hutchings). In contrast, a different study using human myometrium obtained from benign non-pregnant hysterectomy specimens showed that the administration of imatinib led to a reduction in both amplitude and frequency with the eventual abolition of contractions after prolonged exposure (up to 180 min for 2 μM imatinib). Spontaneous contractions were restored after 30 min of washing with physiological saline. In a third study, imatinib decreased the frequency and amplitude of longitudinal but not circular contractions of the mouse uterus \[[@b76]\].

Data from studies of muscle from other organs have also led to conflicting conclusions. Three studies observed that imatinib leads to a decrease in contractile amplitude in guinea pig \[[@b77]\] and rat \[[@b2]\] detrusor muscle and in human intestine \[[@b78]\]. In another study, the addition of imatinib to smooth muscle from the gastrointestinal tract of mice abolished muscular activity in a dose-dependant manner from a concentration of between 9--27 μM up to a dose of 81 μM. The effect was reversed when the agent was washed from the tissue \[[@b79]\]. Following abolition of the contractions, the muscle was seen to be able to respond to depolarization following addition of potassium chloride.

Two observations are evident from the results of these experiments. First, the doses of imatinib that were used are very high compared with either the IC50 concentrations (between 0.1 and 1 μM) or the serum levels achieved in humans receiving the drug (approximately 4 μM for peak levels and 2 μM for trough values \[[@b74]\]). This raises the possibility that any effect seen with these high doses could be as a result of non-specific effects rather than as a consequence of c-kit inhibition. Secondly, the results from the different studies fall into two broad groups. Either only amplitude is decreased at high doses of imatinib or imatinib has effects on both frequency and amplitude and leads to the eventual abolition of contractions. Perhaps these differences could be explained by differences in species or tissue type, but regarding the two human myometrial studies, there are no obvious differences in methodology that could account for the conflicting results. Popescu's team used non-pregnant myometrium ([Fig. 9](#fig09){ref-type="fig"}), but why this differs from pregnant myometrium is not easy to explain.

![Representative traces of myometrial human smooth muscle inhibition by imatinib 20 μM. Reprinted from Ref. \[[@b78]\], with permission from Elsevier.](jcmm0013-4268-f9){#fig09}

Data from studies of the gastrointestinal tract has suggested that c-kit inhibition has a delayed effect taking up to 48 hrs to abolish electrical 'slow-wave' activity and to disrupt IC networks as imaged by immunohistochemistry \[[@b72]\]. In order to test for a delayed action on myometrium, the effect of a prolonged administration of imatinib of up to 14 days on myometrial contractility has been investigated in a study using pregnant rabbits \[[@b4]\]. However, no effect was observed on gestation at delivery and no difference in myometrial contractility *in vitro* was observed between treated and control rabbits. In summary, it does not appear that c-kit receptor inhibition has promise as a potential therapeutic target for the clinical manipulation of uterine contractions. Nor can it be used readily as a research tool for the study of myometrial IC function.

Electrophysiology of m-ICLC
===========================

The accepted mechanism for the generation of contractile force in the myometrium is through an action potential giving rise to elevated free cytosolic calcium levels \[[@b8]\]. In theory, if m-ICLC are the pacemaking cells in the myometrium, these cells should be found to be electrically active. Several studies have approached this question by employing direct electrophysiological measurements.

In the first study, isolated myometrial ICs were shown to possess a stable resting membrane potential of −58 ± 7 mV compared to −65 ± 13 mV seen with smooth muscle cells. Outward currents were not observed implying these cells were not capable of generating spontaneous action potentials \[[@b62]\]. The authors concluded that m-ICLC were not likely to be pacemaking cells in view of their inability to generate 'slow waves' of spontaneous electrical activity. In contrast, another study showed that isolated myometrial ICs exhibited spontaneous electrical activity with field potentials of 62.4 ± 7.22 mV of short duration (1.197 ± 0.04ms) \[[@b8]\] ([Fig. 10](#fig10){ref-type="fig"}). Therefore, it is unclear from these contrasting studies as to whether or not isolated m-ICLC are electrically active.

![Extracellular single-unit recording performed on m-ICLC cultures (human pregnant myometrium), at the third passage. (A) Notice the spontaneous electrical activity in MIC. (B) Spontaneous field potential pattern. Reprinted from Ref. \[[@b8]\], with permission from FCMM.](jcmm0013-4268-f10){#fig10}

The use of isolated ICs for the study of spontaneous electrical activity may need to be questioned. In an interesting series of experiments using smooth muscle from the guinea pig stomach, it has been shown that isolated cells that are not spontaneously electrically active can nevertheless be made to function as electrical pacemakers \[[@b80]\]. For this to happen, the cells need to be capable of generating spontaneous intracellular calcium oscillations that then become amplified by the fact that the cells are joined together by cell--cell contacts to form a network of 'coupled oscillators'. These amplified calcium oscillations are then sufficient to generate action potentials virtually simultaneously over relatively large distances. Therefore, future study of pacemaking activity in the myometrium and related tissues may need to incorporate the idea that cells behave differently when in tissue as opposed to in isolation.

Imaging of tissue level signals in myometrium
=============================================

Myometrial smooth muscle cells contract in response to an elevation in intracellular free calcium. Consequently, as an alternative to electrophysiological methods, calcium imaging may be used to observe the spatial and temporal pattern of the spread of contractility. In parallel with the idea expressed in the previous section that the study of tissue is crucial for the study of tissue-level signalling in the myometrium, Shmygol and colleagues developed a novel technique involving thin slices of live myometrial tissue loaded with Fluo-4. With this technique, they have been able to demonstrate synchronous large rises in intracellular calcium within smooth muscle bundles \[[@b81]\]. Prior to the start of these calcium waves, fluctuations in intracellular calcium are seen in cells within the fibromuscular septum in exactly the same location as that of m-ICLC. These findings are important in that the site of origin and subsequent spread of the signal can literally be seen. This is the first evidence of its kind in the myometrium and supports the possibility that the signals for myometrial contractions originate from m-ICLC.

Emerging concepts -- the possible role of extracellular ATP in myometrial contractility
=======================================================================================

If it is indeed the case that m-ICLC generate the signal for the initiation of contractions, then the mechanisms involved in this process may be important targets for therapeutic interventions that aim to alter uterine contractility (*e.g.* in the case of premature birth). One recent hypothesis is that the unphosphorylated connexin 43 expressed on m-ICLC represents the presence of connexin hemichannels rather than gap junctions \[[@b4]\]. Hemichannels are free connexins, transmembrane hexamer proteins whose central pore is able to open under certain conditions to release molecules involved in cell--cell communication \[[@b82]\]. ATP is the molecule implicated most frequently \[[@b83], [@b84]\], and a recent study using myometrial biopsies from elective caesarean sections has shown that extracellular ATP appears crucial for the initiation of contractions and regulation of their frequency \[[@b85]\]. Multiple purinergic receptors are present in the myometrium, and early contractility studies have suggested that the G-protein coupled P2Y2 receptor is likely to be responsible for this action (unpublished data -- Hutchings). Therefore, signalling via extracellular ATP and purinergic receptors represents one of the possible mechanisms by which m-ICLC may act as pacemakers. Further study of this mechanism and others like it may offer novel therapeutic strategies for the control of uterine contractility.

Where do m-ICLC fit in with a model for the generation of myometrial contractions?
==================================================================================

A possible schematic model for the generation of myometrial contractions is presented in [Fig. 11](#fig11){ref-type="fig"}. The anatomical arrangement of smooth muscle bundles with m-ICLC located on the surfaces of these bundles is consistent with the immunohistochemical observations described above. It is proposed that interconnected m-ICLC provide a synchronized first phase signal throughout the myometrium in keeping with the first phase of Young's biphasic theory. The mechanism for this synchronization could be similar to that of 'coupled oscillators' proposed by Van Helden (see the section 'Electrophysiology of myometrial interstitial cells'). m-ICLC then stimulate neighbouring smooth muscle cells to contract with the subsequent calcium wave travelling at a relatively lower velocity towards the centre of the smooth muscle bundle (as seen with calcium imaging of myometrial sections) \[[@b81]\]. This calcium wave would also be consistent with the second slower phase in the biphasic theory.

![Schematic representation of a smooth muscle bundle. (A) Myometrial ICs (green) produce a synchronous signal along the border of the smooth muscle bundles. (B) ATP and possibly other messenger molecules released by myometrial ICs provide the stimulus for the generation of a contraction. (C) The contraction starts from the border of the smooth muscle bundle and passes towards the centre via a calcium wave (arrows) transmitted through gap junctions.](jcmm0013-4268-f11){#fig11}

Future research directions
==========================

The model proposed in the previous section fits with existing data regarding tissue-level signalling, but evidently many gaps in our current understanding remain. In order to validate the model, further work is warranted. Specifically, the method of synchronization of m-ICLC, the regulation of their spontaneous activity, the precise role of extracellular ATP and the nature of the signal from m-ICLC to smooth muscle cell need to be established.

It should be re-emphasized that the study of tissue-level signalling is likely to be more successful and informative if actual tissue rather than cell culture or isolated cells are investigated. With this in mind, the development of techniques such as the use of thin slices of live myometrium, as used by Shmygol and colleagues, can be seen to be of critical importance.

Conclusion
==========

After many years of research directed at cellular mechanisms responsible for the development of uterine contractions, interest is now being directed to the emerging field of tissue-level signalling and the potential role of m-ICLC. Further research in this direction holds the promise of a better understanding of the mechanisms controlling myometrial contractility and consequently of developing therapeutic strategies for the treatment of conditions such as premature birth.

This review article is based on a thesis entitled 'Myometrial ICs, extracellular ATP and uterine pacemaking', submitted by GH for the award of Doctor in medical sciences. GH would like to acknowledge the support of Professors Jan Deprest and Dirk de Ridder of the Catholic University of Leuven, Belgium.
